ABSTRACT To determine whether reductions in regional myocardial perfusion at reduced coronary arterial pressures reliably indicate maximal vasodilation of the distal vasculature, coronary autoregulation was studied in open-chest dogs at heart rates of -60 beats/min, a level at which metabolic demand, time-averaged systolic compressive forces, and transmural vasodilator reserve approximate those found under usual resting conditions. Circumflex pressure was controlled with a programmable pressure source. Regional circumflex inflow was 0.56 + 0.04(SEM) mlImin-'g-' when circumflex pressure equaled spontaneous aortic pressure and fell to 0.34 + 0.02 ml.min -'g-when circumflex pressure was reduced to 35 mm Hg. Reductions were similar in each myocardial layer, with endocardial flow falling from 0.68 + 0.04 to 0.39 + 0.03 ml-min`.g During adenosine-induced vasodilation at 35 mm Hg, full-thickness and endocardial flows rose to 0.92 + 0.08 and 1.07 ± 0.10 ml.min-'g-', respectively. When coronary pressure was reduced to 25 mm Hg and autoregulation was again operative, full-thickness and endocardial flows fell to 0.28 ± 0.03 and 0.28 ± 0.04 ml min-'g-'. During adenosine vasodilation at 25 mm Hg endocardial flow did not increase significantly but epicardial reserve remained present. These results indicate that significant reductions in regional myocardial perfusion can occur before pharmacologic vasodilator reserve is exhausted. In the absence of tachycardia, endocardial vasodilator reserve can persist to coronary pressures less than 35 mm Hg, but is ordinarily exhausted before epicardial vasodilator reserve.
AUTOREGULATORY reductions in impedance to flow cause coronary flow to be held relatively constant as coronary arterial pressure is reduced at a constant level of myocardial metabolic demand. When vasodilator reserve has been exhausted, coronary flow becomes pressure-dependent and falls rapidly with pressure. Coronary flow in this situation also varies importantly with diastolic period, i.e., heart rate and systolic compressive forces. Because these vary transmurally, subendocardial perfusion is in particular jeopardy. 4 An inherent transmural gradient in conductance favoring the subendocardium compensates in part for subendocardial vulnerability,5 6 but is not sufficient to maintain normal inner-outer flow ratios at higher heart rates.7
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In recent years it has generally been held that a diminution in local flow accompanying a reduction in coronary pressure implies exhaustion of local vasodilator reserve. In animal preparations of coronary stenosis, interventions that increase full-thickness flow but decrease poststenotic pressure have been associated with reductions in subendocardial perfusion, with the latter attributed to a "transmural steal," i.e., the exhaustion of subendocardial vasodilator reserve while subepicardial reserve is still present. 19 Although the concept of earlier exhaustion of subendocardial reserve has been supported by other experimental studies, 10. 1 reductions in resting flow in an animal preparation of a coronary muscle bridge have been difficult to reconcile, since all transmural myocardial layers showed substantial increases in flow when adenosine was infused into the " bridged" artery. 12 Also, Bache and Schwartz'3 have reported full-thickness flows during vasodilation at reduced coronary pressures that exceed usual resting flows at normal pressures.
Systematic studies of local vasodilator reserve at low pressures have not been performed, in part because of the difficulties involved in maintaining poststenotic pressure constant under control conditions and CIRCULATION at the same level during a vasodilative stimulus as before. Changes in heart rate and/or systolic compressive forces also require consideration, since they may result in alterations in metabolic demand, diastolic period, and/or subendocardial impedance to flow. In the present studies a coronary pressure control system was used in paced heart-blocked dogs to minimize these problems.'4 The intent was to determine whether regional pressure reduction is an adequate stimulus for maximum vasodilation or whether reductions in flow can occur in the face of residual pharmacologic vasodilator reserve.
Methods
Fourteen adult mongrel dogs weighing 20 to 32 kg were anesthetized with sodium pentobarbital. The animals were ventilated through a cuffed endotracheal tube with use of a Harvard pump with room air supplemented with oxygen. Body temperature was measured with a vena caval thermistor and maintained at 370 to 390 C with heating pads. A left thoracotomy was performed on each dog and the heart suspended in a pericardial cradle. Complete heart block was produced by injecting formalin into the atrioventricular node,'5 and the animals were paced at a constant rate with electrodes placed on the right ventricular outflow tract.
The left circumflex artery was dissected free near its origin and cannulated; flow was usually restored within 90 sec and always within 120 sec. After cannulation, at least 30 min were allowed for systemic and coronary hemodynamics to stabilize. Perfusion to the cannulated circumflex artery was controlled by a programmable pressure control system.'4 Side-ports in the perfusion cannula provided for the injection of radionuclidelabeled microspheres and for infusion of adenosine. Phasic and mean coronary flow were measured with an extracorporeal flow probe (Series 2000-C, Biotronex Laboratory, Kensington, MD) excited by a gated sine wave flowmeter (Biotronex Model BL 613). Mechanical zero was checked frequently by brief (<5 sec) cannula occlusions and was stable within -+-2 ml/min after the initial adjustment. Coronary pressure within the circumflex artery was measured with a small Teflon catheter inserted into the epicardial artery distal to the cannula tip. Fluid-filled catheters were inserted into the aorta through the right carotid artery and into the left ventricle through the left atrial appendage. These and the catheter used to measure circumflex pressure were flushed with vacuum-degassed saline and connected to Statham P23dB transducers.
Regional flow measurements. Regional myocardial perfusion was measured with radionuclide-labeled microspheres 10 ± 1 ,um in diameter (New England Nuclear, Boston). Since circumflex pressure control necessitated isolation from the systemic circulation, microspheres were injected directly into the coronary cannula with use of a 25-gauge needle directed upstream. Up to five measurements were made in each experiment with the use of 57Co, 51Cr, '03Ru, 13Sn, 95Nb, and46Sc. Microspheres were suspended in 10% dextran with 0.01% Tween and dispersed in vials in an ultrasonicator for at least 5 min before injection. Vials were then shaken vigorously and 2 to 5 x 105 microspheres were withdrawn into a 1 ml tuberculin syringe. The microsphere suspension (-.05 ml) was mixed with warmed arterial blood and injected into the coronary cannula over 10 to 20 sec. There was no discernible effect of the injectate on coronary or systemic hemodynamics.
At the end of each experiment the perfused circumflex seg- ment was identified by injecting India ink into the coronary cannula during perfusion at 35 mm Hg. The cannula was immediately occluded and the heart was arrested by injection of KCI.
The entire heart, including the atria and great vessels, was excised and fixed in formalin for several days. Ink-stained atrial and ventricular regions and 1 to 2 cm borders of surrounding unstained tissue were assayed for radioactivity by standard techniques. A core segment of perfused ventricular tissue was defined as the homogeneously stained central portion of the posterolateral free wall (excluding the apex and papillary muscles). This core segment averaged 23 ± 3(SEM) g and was cut into 2 to 4 g subsegments, with each of the latter then divided into three transmural layers. Myocardial flow within the core segment was calculated with the microsphere data referenced to mean circumflex electromagnetic inflow'6 as follows: QR = QEMF X (As/AT) X (1/WS) where QR = regional flow (ml.min 'lg '); QEMF = mean electromagnetic circumflex inflow (ml min-'); AS = activity of tissue sample (cpm); AT = summated activity of all tissue analyzed (cpm); Ws = weight of tissue sample (g). Data for subsegments within the perfused core were pooled for each transmural layer.
Experimental protocols. Regional flow was initially measured with coronary pressure kept constant at the corresponding mean aortic pressure level. Mean electromagnetic flow during constant-pressure perfusion was the same as during perfusion at the same mean pressure with the normal pulsatile aortic pressure wave form. In one animal microsphere injections were performed at two control pressures (with the pressure closer to spontaneous aortic pressure used in the tabulated results).
Protocol I: nominal circumflex pressure (35 mm Hg). After the control flow measurement, coronary pressure was abruptly reduced to -35 mm Hg (range 30 to 40 mm Hg). In each animal the transient flow response was characterized by an oscillatory flow adjustment with a period of --15 sec. A new steady-state flow level was reached in 1 to 3 min, after which a second microsphere injection was given. A third microsphere injection was subsequently given at the same reduced coronary pressure during intracoronary infusion of 2 gM adenosine at 0.5 ml.min Calculated plasma adenosine concentrations were in excess of 40 uM.
Protocol II: nominal circumflex pressure (25 mm Hg). In five animals additional regional flow measurements were performed at a pressure of -25 mm Hg. After protocol I had been completed and the infusion of adenosine terminated, circumflex pressure was maintained at 35 mm Hg and flow was allowed to return to the prevasodilation level. Pressure was then reduced from 35 to 25 mm Hg. Flow oscillations were not observed during these further pressure reductions. The further reductions in flow were frequently associated with ventricular premature beats, for which lidocaine was sometimes given. After several minutes, when hemodynamics had stabilized, microsphere flows were measured before and during adenosine infusion at 0.05 ,uM.min-'.
Collateral flow measurements. Since unmeasured collateral flow might have occurred at low circumflex (and normal aortic) pressures, two animals were studied with use of systemic as well as intracoronary microsphere injections at reduced circumflex pressures. After protocol I had been completed, -3 x 106 microspheres were injected into the left atrium and a standard reference sample was collected from the femoral artery for 90 sec. During this period the circumflex artery continued to be perfused from the servovalve reservoir at 35 mm Hg, but the reservoir inflow line was temporarily occluded. Thus, microspheres entered the perfused core segment only through inter-371 coronary collaterals. A second systemic microsphere injection was subsequently given with the circumflex cannula occluded (and the interarterial gradient for collateral flow therefore maximized). In regional flow calculations for the systemic injections the reference sampling technique was used. 16 Data analysis. All hemodynamic data were recorded on a Gould eight-channel forced-ink recorder. Data were digitized on-line in 13 animals and hemodynamic variables were determined by averaging 8 to 10 beats during each microsphere injection. In the remaining animal, data were taken from the chart record. Statistical analysis of each variable was performed by a one-way analysis of variance at the .05 level of significance. When significant differences were present, comparisons were made with two-tailed paired t tests with the Bonferroni correction for repeated measurements.
Results
Aortic mean pressures immediately before regional flow measurements averaged 84 ± 3(SEM) mm Hg. Steady-state electromagnetic flow responses to sequential step reductions in pressure were assessed in five animals. A representative mean pressure-flow relationship is shown in figure 2 . As pressure was reduced sequentially, steady-state flow fell by -40% despite the prominent transient flow adjustments that were observed during step pressure reduction.
Regional flows at circumflex pressure of 35 mm Hg. Regional myocardial flows in the perfused core segment are summarized for all 14 animals in table 2. Mean transmural flow fell from 0.56 + 0.04 to .34 ± .02 ml.min-'g-' when pressure was reduced. During administration of adenosine vasodilation flow rose to 0.92 ± 0.08 ml.min-' g-'. Directionally similar changes were observed in each of the three transmural layers. Figure 3 illustrates results for endocardium and epicardium in individual animals. Differences between flow with tone present and during adenosine infusion were significant at the .01 level. Thus, regional circumflex flow was reduced 40% below control when pressure was reduced to 35 mm Hg, despite the presence of a nearly threefold increase in flow during aden-.... * + + * -+ + e + + F-+ --F I t t i i ti- osine vasodilation. The reduction in flow occurred on a transmural basis without significant changes in the inner-outer (I/O) flow ratio.
Regional flows at circumflex pressure of 25 mm Hg. Except for left ventricular systolic pressure, which fell from 97 + 1 to 91 + 4 mm Hg (p < .05), systemic hemodynamics did not change from control or 35 mm Hg when pressure was lowered to a nominal value of 25 mm Hg. Mean electromagnetic flow was 11 ± 1 ml-min-' at 26 ± 1 mm Hg with tone present and increased to 17 ± 2 ml-min-during adenosine infusion (while coronary pressure remained constant).
Mean full-thickness regional flow was 0.54 ± 0.05 ml-min -lg 'under control conditions, 0.28 ± 0.03 collateral flow in the circumflex region was not present until a pressure gradient of 40 to 60 mm Hg was reached. Absolute levels of collateral flow remained less than 0.1 mlbmin-l g-' until the interarterial pressure gradient exceeded 70 mm Hg. * When interarterial gradients are maximized by total coronary occlusion in dogs with an undeveloped collateral circulation, collateral flow has usually been reported to be only 0.1 to 0.2 m[.min-l g-l. The collateral flows measured in the present study by systemic injection of microspheres while the circumflex artery was being perfused with microsphere-free blood are similar. At a circumflex pressure of 35 mm Hg (and interarterial pressure gradient of -45 mm Hg), the addition of mean collateral flow to measured circumflex inflow increased total circumflex perfusion by only 3% and 13%, respectively (table 3) .
(3) Although oxygen extraction is near maximal at rest in the coronary circulation, small increases are possible and can potentially minimize effects of flow reductions on oxygen supply. Assuming a venous oxygen saturation during pentobarbital anesthesia of as high as 40%, a decrease to 25% during reduced pressure perfusion would have allowed a 20% reduction in flow with constant oxygen delivery. It seems unlikely that the observed reductions in regional flow (-40%) could be explained entirely by increases in oxygen extraction.
Reactivity of the coronary bed has previously been assessed in three ways. partial vasodilation under basal conditions. Since coronary flow during adenosine vasodilation at a heart rate of 100 beats/min has been reported to be -5.5 ml.min-.g9 1,7 resting flows of less than 1.0 ml.min 1lg have been taken to exclude vasodilation related to a loss of vascular reactivity. The present resting flows of 0.56 ml min-g were substantially below this value, reflecting the relatively slow resting heart rate.
Previous studies of transmural coronary autoregulation have examined flow responses among groups of animals since the number of regional flow measurements obtained in any single experiment has been limited. Guyton et al.'0 paced animals at 150 beats/min and produced graded levels of reduction in coronary pressure by applying circumflex stenosis. Endocardial flow in the circumflex region fell below endocardial flow in the anterior descending region when circumflex pressure was reduced below 70 mm Hg. Circumflex epicardial flow remained at control levels until circumflex pressure was reduced below 40 mm Hg. Rouleau et al. l' examined transmural autoregulation and vasodilator reserve while perfusing the left main coronary artery. Because of variations in heart rate and systolic pressure among experiments, results were normalized with the use of systolic and diastolic pressuretime indexes.4 The results were consonant with those of Guyton et al., suggesting that autoregulation was abolished in the subendocardium at a time when epicardial flow was maintained. Measurements of transmural vasodilator reserve during adenosine infusion showed epicardial vasodilator reserve to exceed endocardial reserve at the heart rates encountered (-150 beats/min). Rouleau et al. concluded that endocardial vulnerability to ischemia was related to limiting effects of both heart rate and diastolic tissue pressure on endocardial vasodilator reserve.
The present results are similar to those of these earlier studies in showing that endocardial reserve is exhausted at a time when epicardial reserve persists. However, the pressure at which the endocardium became maximally dilated in the present studies (25 mm Hg) was substantially lower than that in the earlier studies. In addition, although the transmural distribution of flow remained unchanged at a pressure of 35 mm Hg, mean flow was reduced by 40% throughout the myocardial wall. Since these data were obtained at a heart rate of 60 beats/min, with coronary pressure tightly controlled, they may more adequately characterize autoregulation and transmural vasodilator reserve in the resting state.
Reductions in coronary flow at reduced coronary pressures despite vasodilator responsiveness have sometimes been noted in additional studies. 9 observed a transmural redistribution of microsphere flow from endocardium to epicardium after administration of an adenosine bolus. In the latter two studies the reductions in resting inflow before the vasodilative stimulus were interpreted to indicate that the endocardium was maximally dilated. One difficulty in such an interpretation is the decrease in distal coronary pressure that occurs during vasodilation as a result of the increased transstenotic pressure gradient. Even though endocardial flow falls in such a setting, it is unclear whether this would be the case if the distal pressure before vasodilation were maintained. The presumed exhaustion of endocardial reserve at the prevasodilation pressure is difficult to reconcile with recent microsphere measurements by Bache and Schwartz'3 of transmural vasodilator reserve at heart rates of 120 to 130 beats/ min. During adenosine infusion mean full-thickness flows averaged 2.24 ml min-I g-with an I/O ratio of 0.55 when distal coronary pressure was 40 mm Hg, and 1.11 ml-min-'g ' with an I/O ratio of 0.44 when distal pressure was 27 mm Hg. The higher vasodilated flows at any given pressure in this latter study probably reflect both diminished compressive effects and a stronger vasodilative stimulus, i.e., adenosine infusion. The persistent endocardial and epicardial flow reserve to a pressure as low as 35 mm Hg in the present investigation is notable, and probably reflects effects of the relatively low heart rate on both myocardial oxygen demand and supply.
Flow reductions in the face of adenosine-recruitable vasodilator reserve have also been observed in an animal preparation of a coronary "muscle bridge.112 When the bridged artery was occluded during systole and a portion of diastole, resting coronary flow was reduced by 10% to 40%, but was increased above control values during adenosine infusion. In 
